Eicosapentaenoic acid (EPA) is an omega-3 polyunsaturated fatty acid that has anti-inflammatory and anti-cachectic actions. The aim of this work was to elucidate whether EPA administration is able to prevent arthritis-induced decrease in body weight and muscle wasting in rats. Arthritis was induced by intradermal injection of Freund's adjuvant; 3 days later 9 rats received 1g/kg EPA or coconut-oil daily. All rats were killed 15 days after adjuvant injection.
INTRODUCTION
Chronic inflammatory diseases such as cancer, sepsis and rheumatoid arthritis are associated with a decrease in body weight, skeletal muscle atrophy and cachexia. Cachexia is a complex metabolic syndrome associated with underlying illness and characterized by loss of muscle with or without loss of fat mass (12) . Adjuvant-induced arthritis is a widely used experimental because in many respects it mimics rheumatoid arthritis in humans (45). Arthritis can be induced in rats by an intradermal injection of Freund's adjuvant (heat killed Mycobacterium butyricum). On days 10-11 after adjuvant injection rats develop chronic inflammation and polyarthritis that lead to a marked decrease in body weight and cachexia (37) by a dramatic loss of adipose and skeletal muscle mass (8, 31) . Cachexia has also been reported in rheumatoid arthritis (RA) patients, adversely affecting morbidity and mortality (36). In RA patients, weight is lost equally from adipose tissue and muscle, and is not secondary to a decrease in caloric intake, but rather to an increase in resting energy expenditure (2) . Similarly, a decrease in the relative skeletal muscle mass is observed in arthritic rats but not in pair-fed rats (8) .
Muscle wasting in arthritic rats is associated with an increase in the gene expression of two genes of the ubiquitin-proteasome system, MuRF1 (Muscle Ring Finger 1) and atrogin-1 (14) .These genes are known as "atrogenes", since they are upregulated in several conditions that induce muscle wasting such as cancer, sepsis, diabetes and fasting (27) . In addition, mice lacking these genes are resistant to denervation-induced muscle wasting (5) . For that reason, these genes serve as early markers of skeletal muscle atrophy, aiding in the diagnosis of muscle disease. In arthritic rats the upregulation of atrogenes is specific to the skeletal muscle, since it does not occur in the cardiac muscle; accordingly there is no wasting in the cardiac muscle in chronic arthritis (14) .
It is well known that omega-3 polyunsaturated fatty acids (PUFA) have beneficial effects on cardiovascular heath and on inflammatory diseases.
Eicosapentaenoic acid (EPA) is a PUFA that is essential for normal growth and development, since it is part of the cellular membranes. EPA has antiinflammatory actions in both human and experimental animals. A diet rich in fish, in which EPA is the major component, is able to ameliorate autoimmune diseases (33). There are several clinical studies that show benefits from fish oil in patients with rheumatoid arthritis (23). Among the lipid mediators of the fish oil, EPA has been shown to reduce joint stiffness in RA patients (40).
EPA competes with arachidonic acid for incorporation in the cell membrane phospholipid, as substrate of cyclooxygenase-2, leading to a decrease in PGE2 synthesis. We have recently reported that COX-2 inhibition by meloxicam administration has an important anti-cachectic effect in arthritic rats (15) by preventing arthritis-induced increase in MuRF1 and atrogin-1gene expression in the skeletal muscle. However, anti-inflammatory treatment with COX-2 inhibitors has been demonstrated to have several side effects on the cardiovascular system (16).
In addition to its anti-inflammatory effect, the anti-cachectic effect of fish oil treatment in cancer cachexia is well known. EPA administration is able to prevent cancer-induced decrease in body weight gain and skeletal muscle wasting in both human (13) and experimental animals (49). The beneficial effect of EPA on skeletal muscle wasting is secondary to a decrease in muscle protein degradation by preventing the activation of the ubiquitin-proteasome pathway.
This mechanism has been reported in cancer (41), hyperthermia (42) and fasting (48). Furthermore, only one day administration of EPA is able to prevent sepsis-induced muscle proteolysis in mice (25).
Taking into account the EPA anti-inflammatory effect in arthritis and the observed muscle atrophy in chronic arthritis, the purpose of this study was to examine whether one of the beneficial effects of EPA on chronic arthritis can be a reduction in skeletal muscle atrophy. For this purpose, expression of atrogin-1 and MuRF1 in the gastrocnemius muscle of arthritic rats treated with EPA was analyzed. Proliferation and differentiation of muscular precursor cells, or satellite cells, into mature muscular cells depends on hormones and growth factors such as PCNA, MyoD and myogenin. As adjuvant-induced arthritis also increases the expression of the myogenic regulatory factors PCNA, MyoD and myogenin (8) , their response to EPA administration was also analyzed.
MATERIAL AND METHODS

Animals
Arthritic and control male Wistar rats (100-125 g/5 weeks old) were purchased from Charles River Laboratories (Barcelona, Spain). Arthritis was induced in the rats by an intradermal injection of 4 mg heat-inactivated Mycobacterium butyricum in the right paw, under isoflurane anaesthesia.
Control animals were injected with vehicle (0.1 ml of paraffin oil). After arriving (day 3 after adjuvant injection), rats were housed 3-4 per cage, and maintained under standardized conditions of temperature (20-22 ºC) and light (lights on from 7:30 to 19:30 h). Water and standard chow (A=04; Panlab, Barcelona, Spain) were provided ad libitum. The procedures followed the guidelines recommended by the EU for the care and use of laboratory animals, and were approved by the Complutense University Animal Care Committee.
Experimental design
On day 3 after adjuvant injection, both control and rats injected with adjuvant were randomly divided in two groups, being 9 the number of animals for each treatment group. The first group received, at a dosage of 1g/kg bw daily by oral gavage, highly purified ethyl ester of eicosapentaenoic acid (E-EPA) containinig 90% EPA and 0.02% vitamin D3 (Oy Bio-Vita Ab, Espoo, Finland). The other group received 1 g/kg bw of coconut oil to ensure isocaloric intake. A pair-fed group was also included, as arthritis decreases food intake.
Pair-fed rats received the same amount of food (g/100g bw) eaten by arthritic rats treated with coconut oil on the previous day, and were gavaged daily with 1 g/kg bw coconut oil.
Body weight and arthritis severity were assessed daily. Evaluation of arthritis severity was performed by measuring the arthritis index of each animal, which was clinically scored by grading each paw from 0 to 4, since inflammation of the paw is associated with radiological and histological alterations of the joints (17). Grading was determined as previously reported (43) 
RNA extraction and real-time PCR
Gastrocnemius or liver (100 mg) were homogenized, and total RNA was extracted using UltraspecTM (Biotecx Laboratories Inc. Houston, Texas, USA), following the manufacturer's protocol. The final concentration of RNA was determined with a BioPhotometer (Eppendorf, Germany), and the integrity of the RNA was confirmed by agarose gel electrophoresis. First-strand cDNA synthesis was performed using 1 µg of total RNA with a Quantiscript Reverse Transcription kit (Qiagen Combh Hilden, Valencia, CA, USA).
Real-time PCR for quantification of mRNA was performed on a SmartCycler® (Cepheid, Sunnyvale, CA, USA) using a SYBR-Green protocol on the fluorescence temperature cycler. Each real-time PCR reaction consisted of 10 ng total RNA equivalents,1x Takara SYBR Green Premix Ex Taq (Takara BIO INC, Otsu, Shiga, Japan), and 300 nM forward and reverse primers in a reaction volume of 25.5 μl. Primers for real-time PCR (Table 1) were obtained from Roche (Madrid, Spain) by using the EXIQON Universal Probe Library (atrogin-1, myostatin, PCNA and myogenin) or from previously published sequences of MuRF-1 (11), MyoD (19) and 18S (6) . The thermal cycling profile consisted of a preincubation step at 95°C for 10s followed by 40 cycles of 95°C denaturation steps for 15 s, 60°C annealing steps for 30 s, and 72°C extension steps for 30 s. Results were expressed relatively to the control animals treated with coconut oil, where the relative mRNA abundance has been arbitrarily set to 1, using cycle threshold 2(∆∆CT) method (29) with 18S as reference gene. PCR products were separated using agarose gel electrophoresis to confirm the product presence and size.
Immunoblot
Muscle samples were homogenized in lysis buffer (10µl/mg) with protease inhibitor cocktail (Sigma-Aldrich, Madrid, Spain). The homogenate was later centrifuged at 13000 rpm at 4°C for 30 min to remove tissue debris. 
Statistical analysis
Results were compared using the statistics program STATGRAPHICS plus for Windows. Normal distribution of data was assessed by a Shapiro-Wilks W test. Continuous variables are presented as mean ± standard error of the mean and were tested with analysis of variance (ANOVA); post hoc comparisons were made using the LSD multiple range test. Data that were not normally distributed (TNF, atrogin-1 and MuRF1 mRNA in the gastrocnemius)
were analyzed by Mann-Whitney (Wilcoxon) W test, those data are presented as scatter plots with median lines. Arthritis score index was analyzed by impaired Student's t test. Statistical significance was set at P<0.05.
RESULTS
As shown in Fig.1A , on day 10 after adjuvant injection the arthritis score increased in the arthritic rats fed with coconut oil, reaching its highest value on day 15. In the arthritic rats that received EPA the increase in the arthritis scores was lower than in the rats treated with coconut oil (P<0.01). In the group treated with coconut oil all rats had arthritis in other than the right hind paw. In contrast, in the group of rats treated with EPA, two rats had arthritis only in the right hind paw, two rats had arthritis in just other than the injected paw (but the arthritis score decreased from day 12 to 15), and the other 5 had arthritis in the four limbs. The anti-inflammatory effect of EPA was also evident in the volume of the left hind paw (Fig. 1B) . The arthritic rats treated with coconut oil had an increased paw volume (P<0.01), whereas the arthritic rats treated with EPA had lower paw volume than the arthritic rats treated with coconut oil (P<0.01), but this was higher than that observed in the control or pair-fed rats (p<0.05).
In the rats treated with coconut oil, arthritis increased TNF-α gene expression in the liver (P<0.01, Fig. 1C and D) and in the gastrocnemius muscle (P<0.01). However, the arthritic rats treated with EPA had similar TNF-α mRNA values to the control or pair-fed rats, both in the liver and in the gastrocnemius.
The evolution of body weight is shown in Fig. 2A . Arthritis decreased body weight gain, where this difference was statistically significant from day 6 after adjuvant injection (P<0.01). From day 10 to 15, arthritic rats did not gain body weight. The decrease in body weight gain is not only due to lower food intake, but also due to inflammation, since pair-fed rats had higher body weight gain than the arthritic rats. Arthritis decreased food intake (P<0.01), whereas EPA administration did not modify food intake in either control or arthritic rats (Fig 2B) . There was a decrease in the relative gastrocnemius weight (P<0.01) in the arthritic rats treated with coconut oil, but not in pair-fed rats. EPA administration increased the relative gastrocnemius weight in arthritic rats (P<0.01, Fig. 2C ).
As expected, the arthritic rats treated with coconut oil increased the expression of both atrogenes MuRF1 and atrogin-1 in the gastrocnemius muscle (P<0.01, Fig. 3A and B) . EPA administration prevented the effect of arthritis on atrogin-1 mRNA, and attenuated the effect of arthritis on MuRF1 mRNA in the gastrocnemius. The expression of MuRF1 and atrogin-1 in the gastrocnemius of the pair-fed rats was similar to that of the control rats. As previously reported (8) , arthritis induced an increase in PCNA mRNA (P<0.01) and PCNA protein (P<0.05) in the rats that received coconut oil ( Fig.   5A and B). EPA administration tended to elevate both mRNA and protein of PCNA in control rats to values similar to those observed in arthritic rats, although this increase was not significant. The arthritic rats treated with EPA have similar PCNA mRNA and protein compared to the arthritic rats treated with coconut oil.
The effect of EPA administration on MyoD in the gastrocnemius is shown in Fig. 6 A and B. EPA administration increased MyoD mRNA and protein in control rats, but only the increase in mRNA was significant (P<0.05). Arthritis increased MyoD mRNA and protein (P<0.05), having values similar to those of the arthritic rats treated with coconut oil or with EPA (Fig 6A and B) .
EPA administration did not modify myogenin mRNA or protein in the gastrocnemius of the control rats ( Fig. 7A and B) . Arthritis increased myogenin mRNA and protein (P<0.01) in both groups of arthritic rats treated with coconut oil or with EPA.
The effect of arthritis on gene expression and the protein of the different muscle regulatory factors (myostatin, PCNA, MyoD and myogenin) were not secondary to the decrease in food intake, since pair-fed rats had values similar to those observed in control rats treated with coconut oil (Fig. 4, 5, 6 and 7 ).
DISCUSSION
Our data show that EPA administration to arthritic rats has an antiinflammatory effect and attenuates skeletal muscle wasting. The protective effect of EPA on the gastrocnemius muscle is not only due to a decrease in atrogene expression, but also to a stimulatory effect on myogenic regulatory As previously reported in arthritic rats (46), EPA treatment decreased footpad inflammation without modifying food intake or body weight in arthritic rats. In contrast, in cancer cachexia EPA preserves body weight (38). This difference can be due to the fact that, although cancer and arthritis induce muscle wasting and fat mass loss, these mechanisms do not seem to be identical in both illnesses. Muscle wasting is associated with an increase in myostatin in cancer (10), whereas no modification in myostatin was observed in the skeletal muscle of arthritic rats. Furthermore, fat mass loss in arthritis is associated with a decrease in adipogenesis rather than to an increase in lipolysis (31). On the other hand, in cancer lipolysis is induced by an increase in zinc-α 2 -glycoprotein (ZAG), which plays an important role in loss of fat mass (4), whereas ZAG expression is not modified in arthritic rats (31). In cancer cachexia, EPA prevents adipose tissue loss by downregulation of ZAG expression through interference with glucocorticoid signalling (38).
Despite the fact that EPA does not have an effect on body weight gain, EPA treatment increased gastrocnemius weight in arthritic rats. This effect can be explained by the fact that EPA administration prevented atrogin-1 and attenuated MuRF1 arthritis-induced increase in the gastrocnemius. To our knowledge, the effect of EPA on atrogin-1 or MuRF1 expression has not been previously reported. However, it has been reported that EPA is able to prevent the upregulation of other components of the ubiquitin-proteasome system. In this sense, EPA attenuates muscle protein degradation in cancer and sepsis by preventing the increase in both gene expression and protein of the α and β subunit of the 20S proteasome, as well as the functional activity of the proteasome (25, 49). Taking into account that the ubiquitin-proteasome proteolytic system is the main contributor to muscle wasting in cachexia (27), the beneficial action of EPA on muscle loss can be due to its action on the ubiquitin-proteasome pathway. Together these data suggest that EPA decreased the activity of the ubiquitin-proteasome pathways induced by chronic inflammation. The inhibitory effect of EPA on skeletal muscle proteolysis can be exerted directly on the muscular cell, since EPA is able to prevent hyperthermia-induced proteolysis by the ubiquitin-proteasome in myotube cultures (42).
The muscular wasting observed in the arthritic rats and the beneficial effect of EPA are independent of food intake, since as previously reported (8) the decrease in the relative gastrocnemius weight is not observed in pair-fed rats, and EPA administration increased gastrocnemius weight without modifying food intake in arthritic rats.
Myostatin is a negative regulator of muscle growth that increases in situations of muscle atrophy such as cancer cachexia (10) . However, myostatin is not modified by chronic arthritis or by EPA administration. Similarly, myostatin was not modified 15 days after immobilization, although a reduction in quadriceps lean mass was observed (24).
As we have previously reported (8) It has recently been reported that another COX-2 inhibitor, NS-398, decreases muscle hypertrophy after synergist ablation (34).
EPA administration prevents arthritis-induced increase in atrogin-1 and MurF1, whereas PCNA, MyoD and myogenin expression remained elevated in arthritic rats treated with EPA. Furthermore, in control rats EPA treatment increased PCNA and MyoD. These data suggest that, in addition to the inhibitory effect on atrogin-1 and MuRF1, part of the beneficial effect of EPA on the gastrocnemius mass can be mediated by stimulating myogenic regulatory factors. To our knowledge, the effect of EPA on the regulatory myogenic factor "in vivo" has not been previously described. It has been reported that EPA is able to prevent the inhibitory effect of high levels of TNF-α on C2C12 myotube myogenesis, by increasing myotube diameter and myoglobin high chain expression (30).
In the muscle cell "in vitro" EPA directly modulates lipid and glucose metabolism, promoting increased glucose uptake and metabolism (1) . A similar effect of EPA has recently been described in diabetic myotubes, where EPA also improved insulin resistance and fatty acid handling in type 2 diabetes skeletal muscle (47). Proteolysis-inducing factor (PIF), secreted by tumours that induce cachexia, decreases glucose uptake by myoblast and induces proteolysis, being the two effects attenuated by EPA (21).
PERSPECTIVES AND SIGNIFICANCE
Rheumatoid cachexia is an important contributor in increasing morbidity 
